R BC distribution width (RDW) is a standard component of the complete blood count (CBC) and indicates variability in RBC size; RDW is calculated as the proportional variation in mean corpuscular volume (MCV) (normal range, 11.5-14.5%) (1) . Increased RDW values reflect greater variability in RBC size, which generally indicates dysfunctional erythropoiesis, shortened RBC lifespan, or premature release of reticulocytes.
RBC Distribution Width: Biomarker for Red Cell Dysfunction and Critical Illness Outcome?*
Traditionally, RDW has been used in diagnosing iron deficiency anemia, particularly when serum ferritin does not accurately indicate total iron stores. RDW is also elevated in other nutritional anemias such as folate or vitamin B12 deficiency. Recently, there has been increasing awareness of a positive association between RDW and risk of both morbidity and mortality in several disease states, principally in critically ill adults. These conditions include cardiovascular disease (2-4), community-acquired pneumonia (5) , acute stroke (6) , chronic lung disease (7), sepsis (8) (9) (10) , and with general critical illness (11) (12) (13) (14) (15) .
Of note, mounting evidence suggests that, in the course of critical illness, RBCs acquire metabolic and structural injuries that impair oxygen delivery and influence outcome. Such acquired RBC dysfunction is reported to result in increased adhesion to endothelium, decreased deformability, decreased hemoglobin content (16) , increased oxygen affinity (17) , constrained energy metabolism, and impaired antioxidant capacity (18) , as well as abnormal nitric oxide processing (and vascular signaling) (19) . Each of these pathologies may adversely influence tissue oxygen delivery (20) , by either impairing blood flow or oxygen release (17) itself. We considered the possibility that the changes in RDW observed in the critically ill may relate to these RBC injuries and thereby serve as a biomarker for impaired RBC status with regard to oxygen delivery capacity and explain the observed association between this metric and outcome.
To our knowledge, only one moderate-sized study has investigated the relationship between RDW and poor outcome in critically ill children (21) . Examination of the association between RDW and outcome in this population adds to analyses of adult populations, given the reduced prevalence of confounding chronic conditions and other comorbidities and broadens external validity of prior reports. As such, and in preparation for prospective studies, we investigated the association of RDW with morbidity and mortality in a general critically ill pediatric population.
MATERIALS AND METHODS
We performed a retrospective analysis of all patients admitted between January 1, 2005, and December 31, 2012, to the PICU at St. Louis Children's Hospital (SLCH), a tertiary care children's hospital. Our institutional investigational review board approved the study protocol.
We identified potential subjects by querying the virtual PICU systems (VPS) clinical database. VPS is a national database of pediatric critical care units that collect clinical data for the purpose of improving quality, benchmarking with peers and establishing best practices. It is a collaboration among the National Association of Children's Hospitals and Related Institutions, National Outcomes Center of Children's Hospital and Health System in Wisconsin, and Children's Hospital Los Angeles (VPS; LLC, Alexandria, VA) (22) . All patients admitted to our PICU during the study period were included. Exclusion criteria were as follows: 1) the following International Classification of Diseases, 9th Edition, admission diagnoses: anemia, malignancy, epilepsy or seizures, organ or tissue transplant recipients, and admission for routine short-term planned postoperative care; 2) lack of a CBC in the first 7 days of PICU stay; and 3) history of RBC transfusion within 14 days prior to PICU admission or during the first 7 days following PICU admission.
We obtained the following data: 1) demographics: age, sex, weight, admission diagnoses, admission date, cardiac surgery or extracorporeal membrane oxygenation (ECMO), admission severity of illness using the Pediatric Index of Mortality 2 (PIM2) score (a validated score used to estimate mortality risk on PICU admission using physiologic and laboratory variables collected within 1 hr after admission) (23) and 2) hospitalization characteristics: the number of PICU days, the number of ventilator days, length of hospital stay, PICU mortality, discharge date and destination, and initial vital signs. We obtained laboratory results from the Clinical Investigation Data Exploration Repository at Washington University in St. Louis (24) . We collected subjects' CBCs at admission and during the first 7 days from admission to the PICU. During the study period, CBCs were analyzed using Sysmex XE-2100 automated hematology system (Sysmex America, Lincolnshire, IL). History of RBC transfusion was identified using the SLCH blood bank database (Cerner Millennium, Cerner Corporation, North Kansas City, MO). Admission RDW (A-RDW) was determined from the first CBC collected in the first 24 hours in PICU for all the patient cohort including subjects who received ECMO support. To evaluate RDW change, we calculated the difference between the A-RDW and the highest RDW in the first 7 days after admission. We divided that difference by the A-RDW to calculate the relative change in RDW (R-RDW). If any exclusion criteria were met prior day 7, the highest RDW up until that day was used for the R-RDW calculation.
Our primary outcome was a composite metric of death during PICU admission and/or the use of ECMO. To evaluate the relationship between RDW and our primary outcome, we first performed a univariate analysis for all variables and then a multivariate analysis to control for severity of illness by PIM2. To evaluate the independent contribution of A-RDW to the primary outcome, we apportioned our cohort by RDW quartiles and then performed an interquartile comparison of severity of illness, estimated mortality, and actual mortality. We calculated standardized mortality ratios (SMRs) (25) for the cohort by indexing the observed mortality to that predicted by PIM2 (26) . To evaluate the impact of A-RDW on estimation of mortality, we plotted receiver operating characteristic (ROC) curves for PIM2, A-RDW, and then by combining A-RDW with PIM2.
Our secondary outcomes included ICU-free days and ventilator-free days. ICU-free days were defined as the number of days between transfer to a regular ward and 28 days after PICU admission. Subjects were assigned zero ICU-free days if they died in the PICU or had a PICU length of stay (LOS) more than 28 days. Ventilator-free days were defined as the number of days between successful discontinuation of mechanical ventilatory support and 28 days after PICU admission. Subjects were assigned zero ventilator-free days if they died in PICU or were on mechanical ventilatory support for greater than 28 days.
Statistical Analyses
Wilcoxon signed rank test was used to compare continuous nonparametric data, and chi-square or Fisher exact tests were used to www.pccmjournal.org compare categoric data, as appropriate. We first developed simple logistic regression models for death or use of ECMO using the following variables: weight, gender, age, history of trauma, PIM2, Pediatric Risk of Mortality (PRISM) III, and Pediatric Logistic Organ Dysfunction scores using Pearson correlations and simple linear regression. We then developed a stepwise multivariate logistic regression model to determine which variables were independently associated with ICU mortality and use of ECMO. All variables with p value less than 0.2 by univariate analysis for the primary outcome were considered for the multivariate model. PIM2 was chosen to adjust for severity of illness instead of PRISM III to minimize the number of subjects with missing data for this metric. The area under the curve (AUC) for multivariate models was calculated to demonstrate the strength of the models developed. Data are presented as mean ± sd, unless otherwise noted. We used p value less than 0.05 to indicate statistical significance. Analyses were performed with SAS 9.4 statistical software, (SAS, Cary, NC). ROCs were constructed for variables associated with the death, followed by AUC comparison with STATA 12.1 (StataCorp LP, College Station, TX). SMR and statistical significance between actual and estimated mortality (PIM2) were calculated using OpenEpi (27) ; Spearman correlation between the errors in PIM2 estimated mortality and A-RDW were performed with R version 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria;).
RESULTS
We screened 17,351 patients admitted to the PICU between January 2005 and December 2012; of these, 3,913 subjects met study criteria and were analyzed ( Fig. 1) . Table 1 indicates demographics and admission CBC values. For the full cohort, hemoglobin was 11.93 ± 2.39 gm/dL with an RDW of 14.12% ± 1.89% and the relative RDW change over the first 7 days after PICU admission was + 2.63% ± 6.23%. The PICU LOS was 2.85 ± 4.45 days, with 24.02 ± 6.48 ICU-free days and 25.67 ± 6.15 ventilator-free days. The PIM2 score for the cohort was −4.59 ± 1.40, with an estimated mortality of 2.94% ± 9.25%. There were 114 PICU deaths in the cohort, with an actual mortality of 2.91%; 20 subjects (0.51%) received ECMO support, of whom, six subjects (30%) died. Of our total cohort, 164 subjects (4.19%) underwent cardiopulmonary bypass (CPB) on the first ICU day. There was no difference in A-RDW for subjects who underwent CPB on ICU day 1 versus the remainder of our cohort (13.92 ± 1.45 vs 14.13 ± 1.91, respectively; p = 0.517). Subjects who underwent CPB on ICU day 1 had a significantly higher R-RDW compared with the remainder of our cohort (4.06 ± 6.37 vs 2.1 ± 5.06, respectively; p < 0.001). There was no statistically significant difference in mortality between subjects who underwent CPB on ICU day 1 and the remainder of our cohort (1.22% vs 2.99%, respectively; p = 0.187).
We divided our cohort into quartiles by A-RDW as follows: first quartile, less than 12.9%; second quartile, 12.9-13.5%; third quartile, 13.6-14.8%; and fourth quartile, less than 14.9%. We observed a statistically significant difference between the first and fourth quartiles for the majority of patient and hospitalization characteristics (Table 1) . Subjects in the fourth quartile were younger, had lower hemoglobin levels, and increased severity of illness and mortality. Additionally, RBC metrics differed significantly between quartiles: subjects in the fourth quartile had higher MCV and lower mean corpuscular hemoglobin (MCH) concentration (MCHC), although the MCH did not differ (Fig. 2) . We considered the possibility that younger subject age in the fourth quartile confounded the relationship between A-RDW and outcomes. In fact, when analyzed within the first and fourth quartiles, we found no relationship between age and RDW (data not shown).
On univariate analysis, we observed a significant correlation between A-RDW, R-RDW, and PIM2 with ICU mortality or use of ECMO ( Table 2 and Fig. 3A) . On multivariate analysis, after adjustment for severity of illness with PIM2, both A-RDW and R-RDW remained independently associated with ICU mortality or use of ECMO, with an odds ratio (OR) of 1.127 (95% CI, 1.025-1.238; p = 0.01) and 1.037 (95% CI, 1.010-1.065; p < 0.01), respectively (Fig. 3B) .
Compared with those in the first A-RDW quartile, subjects in the fourth A-RDW quartile had higher PIM2 scores and estimated mortality (p < 0.001), actual mortality (p < 0.001), and use of ECMO (p < 0.005) ( Table 1 and Fig. 4A ). We calculated SMR for the entire cohort and subcohorts apportioned by A-RDW quartiles. Although the SMR for the total cohort was 0.991, SMR increased with RDW progression; SMR for the first A-RDW quartile was 0.878, whereas SMR for the fourth A-RDW quartile was 1.102 (Fig. 4B) . When compared by categorical analysis, differences in the ratio of observed and expected mortality between A-RDW-based subcohorts were not significant; however, we also tested the residual errors in predicted mortality per PIM2 for association with each subject's actual A-RDW value, and this We screened all PICU admissions from January 2005 to December 2012. Using the virtual PICU systems database, patients with admission diagnoses of anemia, malignancy, and seizures or history of organ transplant were excluded. Repeat encounters were excluded as were those lacking admission laboratory data. We also excluded all who had received RBC transfusions during the 2-wk period prior to PICU admission or 1 wk after admission. CBC = complete blood count.
association was significant and in line with the trend seen in Figure  4A (p = 0.011 for rank-based association between model residuals and A-RDW). Generally, a well-fitting model should not generate systematic trends of residuals across values of a predictor variable; therefore, this analysis provides strong evidence that patients with low A-RDW tend to have mortality rates lower than predicted by PIM2, whereas those with higher A-RDW tend to have higher mortality than predicted by PIM2. In ROC analyses of the relationship between RDW and mortality, the AUC for A-RDW was 0.611 (95% CI, 0.076-0.218), whereas the AUC for PIM2 was 0.901 (95% CI, 0.908-1.166). Combining A-RDW and PIM2 nominally increased the AUC to 0.905 (95% CI, 0.903-1.161; not significant) (Fig. 4C) . With regard to our secondary outcomes, subjects in the highest A-RDW quartile had significantly lower ICU-and ventilator-free days (p < 0.001; Table 1 ). Comparing all subcohorts apportioned by A-RDW, subjects in the third and fourth A-RDW quartiles had significantly lower ICU-and ventilator-free days than those in the first and second quartiles (p < 0.001). Additionally, linear regression analysis demonstrated a (significant, but weak) correlation between ICU-free days and A-RDW (r 2 = 0.038; p < 0.001) and R-RDW (r 2 = 0.050; p < 0.001) and between ventilator-free days and A-RDW (r 2 = 0.025; p < 0.001) and R-RDW (r 2 = 0.035; p < 0.001).
DISCUSSION
Our evaluation of over 3,000 critically ill children confirms reports in other populations that RDW is independently associated with ICU mortality and morbidity. Of note, the prior study of critically ill children was limited to 596 subjects and did not exclude those with recent RBC transfusion, hemoglobinopathies, or anemia at admission (21) . In our larger, more focused cohort, we observed that both A-RDW and R-RDW positively associated with mortality or use of ECMO and that this association persisted after correction for illness severity (PIM2). Overall, the likelihood of ICU mortality or use of ECMO rose 12.7% for every 1% increase in A-RDW (OR, 1.127). Furthermore, for every 1% relative increase in RDW during the first 7 days of PICU stay (R-RDW), the likelihood of ICU mortality or use of ECMO rose by 3.7% (OR, 1.037). Our findings are consistent with previous analyses of general populations of critically ill adults (8, 11, (13) (14) (15) , which consistently demonstrate a positive association between RDW and 30-day hospital mortality, 90-day mortality, and 365-day mortality. Similar associations have been reported for select critically ill adult populations, such as those with septic shock (10) . Two prior reports (together, including 800 subjects) evaluated the relationship between RDW and outcome in children undergoing surgery for congenital heart disease and found that RDW was positively associated with both mortality and length of ICU stay (28, 29 ) (however, it should be noted that CPB may affect RDW, in proportion to bypass duration). Only one study excluded patients with history of recent RBC transfusion (28) . Furthermore, we excluded patients with anemia or cancer at admission, due to concerns that these diagnoses would confound the relationship between RDW and outcome; therefore, our results should not be generalized to these subpopulations without further study. This study is the first to show an association between A-RDW and a composite Box and whisker plot of mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) for the subcohorts apportioned by A-RDW quartiles. We observed a significant increase in MCV and decrease in MCHC in the fourth A-RDW, whereas no difference was noted in MCH (one way analysis of variance; p < 0.001). Figure 3 . A, Odds ratio (OR) for mortality or use of extracorporeal membrane oxygenation (ECMO) by univariate analysis. All patient variables were analyzed for association with mortality or the need for ECMO support. ORs with 95% CI were calculated for all variables including: weight in kilogram, age in years, first systolic blood pressure at admission to the PICU, highest and lowest heart rates in the first 12 hr at admission to the PICU, Pediatric Index of Mortality 2 (PIM2) score at admission to the PICU, number of ICU-free and ventilator-free days, complete blood count data: admission WBC count, admission RBC distribution width (A-RDW), highest RDW in first 7 d at admission to the PICU, relative change in RDW in the first 7 d at admission to the PICU, admission hemoglobin, admission hematocrit (HCT), admission mean corpuscular volume (MCV), admission mean corpuscular hemoglobin (MCH), admission mean corpuscular hemoglobin concentration (MCHC), admission RBC count, admission platelet count, and admission mean platelet volume (MPV). b, OR for mortality or use of ECMO by multivariate analysis. ORs for death or the use of ECMO were repeated after controlling for PIM2. Both A-RDW and relative change in RDW continued to correlate with mortality or use of ECMO support, with OR of 1.127 and 1.037, respectively. HR = heart rate. primary outcome of death or use of ECMO support. This outcome, in our view, better captures subjects' severity of illness than the use of ICU mortality alone. Previous pediatric studies have shown an association between RDW and ICU LOS. We present the first study to show an association between A-RDW and ICU-free days and ventilator-free days. These outcomes account for ICU death and are therefore more standardized measures of ICU morbidity.
We observed that A-RDW only nominally increased the predictive power of a validated severity of illness score (PIM2) for mortality. This observation is in contrast with previous reports in adults (8, 13) , which demonstrated that adding A-RDW to Acute Physiology and Chronic Health Evaluation (APACHE) II (8, 13), Simplified Acute Physiology Score (30) , and APACHE III (31) increased predictive power for both ICU and hospital mortality. Examined differently, however, we observed that PIM2 reliability varied in a systematic, but balanced, fashion when examined by RDW quartile. For our full cohort, the PIM2-based SMR approached 1 and PIM2 was 99.1% accurate in estimating mortality. When examined by RDW quartile, however, PIM2 overestimated mortality in the lowest quartile (by 12.2%) and underestimated mortality in the highest quartile (by 10.2%). This RDW-based bias was found to be significant in testing the association between individual A-RDW and the magnitude and direction of the error in PIM2-predicted mortality: higher A-RDW values were associated with higher mortality than predicted by PIM2, whereas patients with lower A-RDW values had lower mortality than predicted. Although the absolute number of events (e.g., deaths) was not sufficient to establish statistical reliability in our categorical analysis (given the low mortality in our population), this observation reinforces the finding in our regression models that RDW may serve as a biomarker for a physiologic disturbance that influences outcome. It may be that elevated RDW is most relevant in the PICU subpopulation with sepsis or multiple organ dysfunction syndrome (MODS); as such, it may add more value to metrics such as Sequential Organ Failure Assessment or MODS scores.
We lack a mechanistic explanation for the established association between RDW and clinical outcome. It has been speculated that the relationship could be explained by the effect of inflammatory cytokines, such as tumor necrosis factor-α, interleukin (IL)-6, and IL-1β upon RBC survival and maturation, or with entrance of larger juvenile cells (reticulocytes) into the peripheral circulation, thus increasing RDW (32, 33) . However, when examined, prior reports have failed to show an association between elevated RDW and increased inflammatory cytokines (15) . Of note, in the highest RDW quartile, we observed increased RBC size (higher MCV) with reduced hemoglobin concentration (MCHC)-although absolute hemoglobin content (MCH) did not change. Notably, these changes do not meet criteria for iron, folate, or B12 deficiencies, which have also been suggested as cause for increased RDW in the critically ill. Furthermore, others have shown that the RDW mortality association persists even after correction for iron, folate, and vitamin B12 deficiency (34) . Rather, as suggested by others (above), these RBC metrics may indicate an increase in immature RBCs (larger in size with less concentrated hemoglobin) that might be associated with increased RBC turnover. Alternatively, this pattern may instead arise from RBC injuries that impair control of volume homeostasis (e.g., hydration) in mature cells, as discussed below. It is commonly appreciated that RBCs may acquire metabolic and structural injuries that impair performance (e.g., oxygen delivery). In the setting of critical illness, it is also apparent that oxygen delivery constraint may influence outcome. Acquired RBC injuries in the critically ill population are commonly observed, with the following reports of specific alterations that impair oxygen delivery: increased adhesion to endothelium (35) , decreased deformability, decreased hemoglobin content (16, 36) , increased oxygen affinity (17, 37), constrained energy metabolism, and impaired antioxidant capacity (18) , as well as abnormal nitric oxide processing (and vascular signaling) (19) . Each of these pathologies adversely influence tissue oxygen delivery (20) , by diminishing either blood flow or oxygen release (17) itself. It is important to note that the circulating RBC population is comprised by subpopulations of differing physiologic reserve/resilience (e.g., juvenile vs senescent cells); exposure to stress in the setting of differing resilience is expected to increase diversity of physiologic parameters. It may be reasonable to consider that such acquired RBC injuries, therefore, increase size heterogeneity of the circulating RBC pool (and thus, be reflected by increased RDW). More specifically, concurrent increase in RDW and MCV, with reduced MCHC (as we observed), may arise from impaired RBC volume homeostasis (e.g., a population of overhydrated cells); furthermore, loss of volume homeostasis may be attributable to RBC energy failure and impaired cation gradient maintenance (38) . RBC hydrocytosis (overhydration) typically arises from increased intracellular sodium flux, which has been associated with RBC energy failure or injury to proteins involved in volume regulation, including the following: the Na + /K + adenosine triphosphatase (ATPase) pump, the anion exchange protein 1 (AE1 or band 3) , the Gardos channel, Peizo1 (a mechanosensitive ion channel), glucose transporter 1, and ABCB6 (an ATP-binding cassette) (39) . As such, we hypothesize that increased RDW is a biomarker for impaired RBC energetics, which would both 1) disrupt RBC volume regulation (leading to the specific pattern of altered RBC metrics we observed) and 2) result in the RBC injuries associated with oxygen delivery failure (and therefore, worsened outcomes).
We propose that the observed independent relationship between RDW and outcome may be explained by either 1) underlying pathology that results in a functional RBC injury (e.g., reduced capacity for oxygen delivery) that is sufficient to alter the course of critical illness and consequently, RDW may serve as a biomarker for clinically significant RBC impairment or 2) RDW demonstrates fidelity to the severity of underlying pathology but does not connote impairment in RBC performance that is causally linked to outcome. We will examine these possibilities in future work by prospectively testing the relationship between RDW, RBC energetics and antioxidant systems, specific injuries to key RBC regulatory proteins noted above, physiologic measures of RBC performance, and outcome in critically ill children.
CONCLUSION
In conclusion, RDW is independently associated with ICU mortality and morbidity in critically ill children, suggesting a possible causal relationship between RBC performance and outcome. The mechanism for this relationship between RBC size heterogeneity and outcome is unclear; we propose that this association may be explained by accrued RBC injuries that impair oxygen delivery in the setting of critical illness-and that RDW may serve as a biomarker for red cell injury. Further study is warranted to understand the impact of critical illness on RBC function and life span, the fidelity and utility of RDW as a putative biomarker for such, and the potential impact of RBC performance failure upon clinical outcomes.
